Lightsheet fluorescence microscopy (LSFM) has rapidly progressed in the past decade from an emerging technology into an established methodology. This progress has largely been driven by its suitability to developmental biology, where it is able to give excellent spatial-temporal resolution over relatively large fields of view with good contrast and low phototoxicity. In many respects it is superseding confocal microscopy. However, it is no magic bullet and still struggles to image deeply in more highly scattering samples. Many solutions to this challenge have been presented, including, Airy and Bessel illumination, 2-photon operation and deconvolution techniques. In this work, we show a comparison between a simple but effective Gaussian beam illumination and Bessel illumination for imaging in chicken embryos. Whilst Bessel illumination is shown to be of benefit when a greater depth of field is required, it is not possible to see any benefits for imaging into the highly scattering tissue of the chick embryo.
INTRODUCTION
Light-sheet microscopy was selected as the Nature Method of the Year 2014 [1] and has become a go-to imaging technique in modern biology. It has shown itself to be of particular benefit for imaging larger more complex samples such as Zebrafish embryos, which themselves have the advantage of being relatively transparent when compared to other samples such as chicken embryos (another common model of human development). When imaging large samples, conventional Gaussian light-sheets are inherently limited by the trade-off between the beam waist and its depth of field, resulting in a non-uniform excitation across the field of view. Lately, Bessel and Airy lightsheets have been proposed because of their larger depth of field and their stability towards on-axis obstructions [2, 3] .
Recent studies describe the advantages of using Bessel beams and report an improved image quality, for example when imaging Arabidopsis root or when imaging cellular dynamics [4] . However, for the study of large scale and coordinated cell movements in embryonic development, a quantitative analysis of its performance is still missing. In our proceedings, we describe a novel application to Bessel beam light-sheet microscopy on large, living and highly scattering chick embryos and its potential use in answering important biological questions regarding coordinated cell movements, cell ingression and cell shape changes. We show that whilst using Bessel illumination can be of significant help when imaging thicker samples due to the increased depth of field, there is little or no benefit for overcoming light scattering during gastrulation in chick embryos.
In addition to beam shaping, there are other potential solutions to the challenge of scattering in lightsheet microscopy. One of those is multi-photon illumination, which allows for longer wavelength excitation to be used, hence reducing Rayleigh scattering. Another option is to use a multi-modal approach, where a lightsheet is used to excite an acoustic signal, which benefits from both the option to use longer wavelength illumination and the lack of scattering of the acoustic signal. We also discuss how it is important to consider the polarisation of excitation and emission light when using lightsheet microscopy as a result of the anisotropic nature of Rayleigh scattering when compared to Mie scattering. *m.p.macdonald@dundee.ac.uk; phone +44 (0)1382 386988
Imaging in developmental biology
Imaging plays an important part in the study of cell behaviour during development. Controlled by internal or external signals, cells divide, migrate and differentiate to form an organism. These processes are studied using a variety of microscopy techniques, for example reviewed by Dormann [5] . Importantly Lightsheet microscopy is enabling the quantitative analysis of large developing embryos in toto. Frequently applied to imaging of zebrafish and fruit flies, it was used to produce their digital embryos and has advanced the understanding of their development. The technique is also suitable to studying the development of higher organisms, as demonstrated on the primitive streak formation of the chick embryo [6] . The primitive streak formation is a part of the gastrulation stage in embryonic development, and initiates the germ layer formation. As such, it is crucial for the successful development of an organism, but its main driving forces and their biochemical origins are still unclear and remain a widely researched topic.
Benefits of lightsheet microscopy
Lightsheet microscopy describes a technique based on laser lightsheet illumination with an imaging axis oriented orthogonally to the lightsheet. The imaging geometry has the advantage that the sample is optically sectioned, minimising contributions from outside of the focal plane of the detection axis. This results in improved axial resolution as well as more efficient fluorescence excitation, which reduces photodamaging and photobleaching rates. In addition, images are acquired in widefield, allowing high-speed image acquisition. The high spatio-temporal resolution combined with low photobleaching rates makes lightsheet microscopy an ideal technique for live imaging of embryonic development [7] .
GAUSSIAN BEAM ILLUMINATION
It is a rule of thumb that the simpler a technology is, the more robust and effective it is. Lightsheet microscopy is no exception to this and high quality imaging can be obtained using very simple setups, even to the extent of using scattering for contrast instead of fluorescence. In this section, we describe how a simple Gaussian set up can yield high quality images, using scattering and fluorescence and additionally highlight the important role that polarisation plays when imaging a sampled orthogonally to the illumination axis.
Digitally Scanned Lightsheet microscopy and confocal scanning acquisition
Apart from refractive optical elements like cylindrical [8] or Powell lenses [9] , laser lightsheets can also be generated using scanners [10] . In our setup, the beam is scanned with a galvanometric mirror in one axis, and projected into the sample using a scan lens, a tube lens and a 10x water dipping illumination objective (NA 0.3). For imaging of the flat and large chick embryos, the lightsheet is oriented at 45 degrees to the horizontal, and the embryo is moved through the lightsheet on a motorised translation stage. The height of the stage is continuously adjusted to keep the surface of the embryo in the focus of the lightsheet. The signal of each optical section is collected with another 10x water dipping objective (NA 0.3) to construct three-dimensional images of the chick embryo development. The chick embryos are transgenic, labelled with membrane-bound green fluorescent proteins and mounted in liquid culture. With this system, the development of chick embryos with a size of several millimetres can be imaged at cellular resolution over long periods of time, with a temporal resolution of about 3 minutes per full time point (complete 3D stack of data). Further details on the basic optical setup and mounting technique can be found elsewhere [6] . 
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BESSEL BEAM ILLUMINATION
When looking for a solution to scattering in samples, an obvious approach is to use a beam with self-healing capabilities such as a Bessel beam. Another benefit of a Bessel beam is that it is essentially non-diffracting, such that an improved Rayleigh range is possible. Bessel beams are by no means the only form of excitation that can improve image quality in the presence of scattering and absorption, with Airy beams also capable of significant improvements in certain circumstances [3] .
In this work, we use Bessel beams to compare the performance of non-diffracting beams against conventional Gaussian imaging. Bessel beams are interference patterns formed by plane waves travelling on a cone. Thus, quasi-Bessel beams can be generated by applying conical phase shifts to a Gaussian beam, using an axicon or a spatial light modulator. Here, a spatial light modulator is used in a configuration described by Fahrbach [14] . We implement the spatial light modulator in a separate beam path using flip mirrors to allow comparison to the original Gaussian illumination. In the secondary optical path, the beam is expanded, and the polarisation is adjusted with a half-wave plate. It is then reflected off the liquid crystal display of the spatial light modulator and modulated with a programmable phase shift. Higher diffraction orders and unmodulated light is blocked with a spatial filter, and only the modulated beam is used for imaging. Such a setup gives great flexibility and allows for the optimisation of the beam parameters to suit specific imaging applications. However, fluorescence excitation with Bessel beams requires additional measures due to the contributions of the concentric side lobes of a Bessel beam to the acquired image.
Bessel confocal
Imaging with a Bessel beam has the effect of a convolution of each pixel in the planes orthogonal to the lightsheet with the corresponding Bessel profile. In practice, a deconvolution of the images with the full Bessel profile did not significantly improve the image quality. However, contributions of the Bessel beam side lobes can be reduced with the confocal line acquisition described above. Synchronising the scanned Bessel beam with the line readout of the camera is equivalent to a one-dimensional masking. The line width is chosen to be in the range of the diameter of the central core (5 Pixels wide, equivalent to 3.25 μm), and smaller than the first Bessel ring. This mask blocks the longitudinal parts of the side lobe contributions, and makes the effective imaging equivalent to imaging with multiple parallel lightsheets.
Deconvolution
The resulting confocal Bessel images can now be deconvolved for a reduction of the remaining noise coming from the transversal part of the side lobes. The point spread function of the system is measured by reflecting the excitation Bessel lightsheet in the sample chamber using a mirror, and acquiring an image of its cross-section in the confocal mode. The original image stack at 45 degrees is transformed into individual sections orthogonal to the lightsheet. To reduce computation time, these two-dimensional sections are deconvolved on the GPU with the measured point spread profile, using an adapted version of the Richardson-Lucy algorithm implemented in MATLAB.
Comparison with Gaussian illumination, scattering
Deconvolution of the images acquired with the confocal Bessel beam gave good image quality on the surface of the epiblast, showing that the side lobe noise can be suppressed efficiently. However, the Bessel beam did not significantly improve the penetration depth into the highly scattering tissue of the chick embryo ( Figure 5 ).
The cross-sections of Figure 5a show that there is a higher intensity deeper inside the tissue without the confocal-line acquisition mode. As a measurement for sharpness, the mean norm of the greyscale gradient was calculated as a function of the penetration depth. However, the gradient sharpness is dominated by high frequencies as are, for example, present in diffused noise, and therefore not a suitable metric to quantify image quality in this case. Thus, a frequency based useful contrast ratio was calculated, defined as the intensity in the useful frequency range (2.5 -10 μm) divided by the intensity of the remaining frequencies. The useful contrast of the standard Bessel beam is never greater than one, mf. deconv.
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